In many passerine species, males sing more than one distinct song type. Commonly, songs are assigned to different song types or song categories based on phonological and syntactical dissimilarities. However, temporal aspects, such as song length and song rate, also need to be considered to understand the possible functions of different songs. Common nightingales (Luscinia megarhynchos) have large vocal repertoires of different song types but their songs additionally can be grouped into two distinct categories (particular groups of song types): whistle songs and nonwhistle songs. Whistle songs are hypothesised to be important to attract migrating females. We studied temporal properties of whistle songs and nonwhistle songs and examined the relationship between those song parameters and song output parameters, such as song rate and song length. To investigate how song parameters vary among males, we calculated the coefficients of variation for different song traits. We found that the variation in the proportion of whistle songs was significantly higher among males than variation in other song parameters. Furthermore, the proportion of whistle songs was negatively correlated with other song output patterns. These findings suggest that the production of whistle songs might be constrained and/or that whistle songs and their succeeding pauses may act as a functional unit in communication.
Introduction
Many passerine species sing more than one distinct song type (Kroodsma, 1982; Horn & Falls, 1996) . Different song types can vary in their structural complexity and in their temporal structure such as song length. Similar song types can then be grouped into different song categories (e.g., song types a1, a2, a3 can be grouped into song category A). Evidence for functional divergence among songs includes their differential use during mate attraction and territory defence. For example, in some species long songs are directed towards females, whereas short songs are directed towards males (e.g., willow warbler, Phylloscopus trochilus, Järvi et al., 1980 ; great reed warbler, Acrocephalus arundinaceus, Catchpole, 1983 ; redwing, Turdus iliacus, Lampe & Espmark, 1987) . Furthermore, playback experiments in several species have shown that males respond differently to different song categories or song types (Ficken & Ficken, 1970; Järvi et al., 1980; Schroeder & Wiley, 1983; Simpson, 1985; Catchpole et al., 1986; Nelson & Croner, 1991; Searcy & Nowicki, 2000; Naguib et al., 2002) .
Commonly, songs are assigned to different song categories based on structural dissimilarities, such as the presence or absence of specific song components, or on the syntactical organization (reviewed in Becker, 1982; Spector, 1992; Lambrechts, 1996; Kroodsma, 2004) . However, songs that are assigned to different song categories based on specific structural components often differ also in several other song parameters (Becker, 1982) , which may be equally important as the trait used for classifying songs into different song types or song categories. Some of these song parameters (e.g., song length) have been shown to be sexually selected (e.g., Catchpole & Slater, 1995; Garamszegi & Møller, 2004) .
Nightingales have large vocal repertoires (up to 260 different song types; Hultsch & Todt, 1981; Kipper et al., 2004) and their songs can be grouped into two distinct song categories: whistle songs and nonwhistle songs (Figure 1 ; Hultsch & Todt, 1996; Naguib et al., 2002; in press a). The first part of a whistle song consists of a series of pure-tone elements with little or no frequency modulation (Hultsch & Todt, 1996) . Each male has a repertoire of whistle songs with whistles at different frequencies (pitch range of about 1.5-8 kHz; Hultsch, 1980; Naguib et al., 2002) . Nonwhistle songs begin with structurally different elements, and the structural variability among songs within this song category is high (Figure 1 ; Todt, 1970 Todt, , 1971 ). The function of whistle songs is unclear but it is hypothesised that whistle songs might be important to attract females (Hultsch, 1980; Glutz von Blotzheim, 1988) . As structurally simple whistles suffer less from spectral degradation than more complex song features do (Wiley & Richards, 1982; Slabbekoorn et al., 2002) , whistle songs may be a particularly effective signal over longer distances to attract females migrating at night. Previous studies on nightingales have shown that playback of whistle songs and nonwhistle songs elicit different responses among males Kunc et al., in press b) , indicating that male nightingales discriminate between songs of these two structurally different categories.
Here, we analyzed temporal properties of whistle songs and nonwhistle songs and the relationships between song categories and temporal song parameters in order to determine whether or not whistle songs differ from nonwhistle songs also in other than the phonological traits that are used to categorize them. Furthermore, we investigated how structural and temporal song parameters vary among males by calculating the coefficients of variation (CV) for different song traits, to obtain a better understanding how sexual selection may act on these traits.
Methods

Study site, study species, and general procedures
The study was carried out in April 2001 and 2002 at the Petite Camargue Alsacienne in France (Amrhein et al., 2002 (Amrhein et al., , 2004 . We observed the first males singing after their arrival from migration on 3 April in 2001 and on 12 April in 2002. All males were unpaired when their songs were recorded.
Recording methods, sonographic analysis, and song classification
Nocturnal song recordings were made between 00:00 and 03:30 CEST, using a Sennheiser ME66/K6 directional microphone and either a Sony TC-D5M or a Sony WM-D6C tape recorder. We digitized recordings on a PC using Cool Edit 2000 (Syntrillium Cooperation, USA, sample frequency: 44.1 kHz, resolution: 16 bit). We analysed song characteristics with the software package Avisoft SASLab Pro 3.5 (R. Specht, Berlin; time resolution: 5.8 ms, FFT: 256). We randomly chose and analysed 10 minutes of nocturnal song of 34 different males. Whistle songs can clearly be identified on the basis of their syntactical and phonological structure (see Figure 1 ; Hultsch & Todt, 1996; Naguib et al., 2002) . In the spectrographic analysis, we distinguished visually between the two song categories: whistle songs and nonwhistle songs.
We measured the following song parameters: (a) overall song rate (number of songs per minute), and (b) the percentage of whistle songs sung. For each song category we measured separately: (c) song length (length of a song in seconds), and (d) pause length (the interval between the end of one song and the beginning of the next song in seconds).
Analysis of song variability and statistical analysis
To compare variation of different song traits with different means we used the coefficient of variation (CV). The CV was calculated by dividing the standard deviation by the mean of the sample multiplied with 100 (Sokal & Rohlf, 1995) . To test for differences between the CVs of song parameters we used the test statistic C (Dawkins & Dawkins, 1973) . To test if pause length depended on the preceding song category or on song length, we used a single univariate general linear model, because it has the advantage that the effect of the covariate (song length) on the dependent variable (pause length) is removed from the unexplained variability by regression analysis. The final model tests the difference between factor level means, adjusted for the effect of the covariate (Quinn & Keough, 2002) . To test how song output parameters (song length, pause length, and song rate) influenced each other, we used a multivariate general linear model, because these song output parameters were correlated with each other. Furthermore, to test for the effect of whistle songs on the song output parameters, the proportion of whistle songs was included as a covariate. All statistical tests were performed with SPSS 11.0. Results are given as mean ± SD and all reported tests are twotailed.
Results
Variability of song characteristics among males
The coefficient of variation showed the highest variation in the percentage of whistle songs compared to the other song traits among males (Table 1 ). The variability in song rate and whistle song length was approximately half of the variation of the percentage of whistle songs. Song length and nonwhistle song length had the lowest coefficient of variation of the measured song parameters. The coefficient of variation of the proportion of whistle songs was significantly higher than the second ranked coefficient of song rate (C = 6.4, p < 0.05).
Differences between whistle songs and nonwhistle songs
Whistle songs and nonwhistle songs differed significantly in all measured song parameters (Table 2) . Nonwhistle songs occurred more often than whistle songs. Whistle songs were longer than nonwhistle songs, and pauses following whistle songs were longer than pauses following nonwhistle songs. The longer pauses following whistle songs could be explained in two ways: First, longer songs generally demand longer subsequent pauses, or second, specifically the whistle songs have longer subsequent pauses independent of their length. To test if pause length depended on the length of the preceding song or on the preceding song category, we ran a general linear model, which revealed that pause length depended on the preceding song category (F 1,65 = 4.88, p = 0.031) but not on the length of the preceding song (F 1,65 = 1.16, p = 0.29).
Relationship among song parameters
To asses how the percentage of whistle songs depended on other song parameters, we analysed how the percentage of whistle songs sung interacted with overall song length, overall pause length and song rate by using a multivariate general linear model. Males singing a higher percentage of whistle songs made longer pauses (F 1,32 = 11.83, p = 0.002; Figure 2 ), and sang with a lower song rate (F 1,32 = 12.96, p = 0.001), but did not change the length of overall songs (F 1,32 = 0.73, p > 0.4). We did not find significant correlations between song rate and any measure of song length (all r P < 0.07, all p > 0.4, Figure 3a) , i.e., individuals did not significantly vary the length of songs when varying song rate. However, we found a strong negative correlation between song rate and all measures of pause length (all r P > −0.89, all p < 0.001, Figure 3b ), indicating that a nightingale's song rate depends mainly on the length of the pauses between the songs. 
Discussion
Variability of song characteristics
The comparison of the coefficients of variation calculated for five song traits in the nocturnal song of the nightingale revealed that the among-male vari-ability was significantly higher in the percentage of whistle songs than in the second ranked coefficient of variation of song rate. A high inter-individual variability in a trait could reflect that no strong selection acts on that trait as one may well argue that sexual selection should reduce variability rather than enlarge it. In any case, a trait with high inter-individual variability provides the opportunity for receivers to discriminate among males on a finer scale than it would be the case with traits that are less variable. Even though we cannot rule out the former possibility, it seems likely that whistle songs are under sexual selection as they appear to have a specific signal value in mal-male vocal interactions and are linked to male reproductive success (Kunc, 2004) . Thus, the high variability may well be used to discriminate among males even though it remains unclear which factors maintain the high variability if directional selection acts on the amount of whistle songs. In general, in bird species like the nightingale with a highly versatile song repertoire (Todt, 1970) , selection may not act strongly on song output parameters such as song rate and song length like in species with smaller and less complex song repertoires (song rate: willow warbler, Phylloscopus trochilus, Radesäter et al., 1987; Arvidsson & Neegaard, 1991 ; pied flycatcher, Ficedula hypoleuca, Alatalo et al., 1990 ; European starling, Sturnus vulgaris, Eens et al., 1991; blackcap, Sylvia atricapilla, Hoi-Leitner et al., 1995; willow tit, Parus montanus, Welling et al., 1997 ; song length: great reed warbler, Acrocephalus arundinaceus, Catchpole, 1983 ; great tit, Parus major, Lambrechts & Dhondt, 1986 , 1987 ; blue tit, Parus caeruleus, Kempenaers et al., 1997; white-throated sparrows, Zonotrichia albicollis, Wassermann & Cigliano, 1991; hoopoe, Upupa epops, Martin-Vivaldi et al., 2002) . In species like the nightingale, sexual selection might rather act on structural song traits like whistle songs, which may have a specific signal value, because males respond differently to whistle songs and nonwhistle songs during playback experiments Kunc et al., in press b) .
Differences between whistle songs and nonwhistle songs
Whistle songs and nonwhistle songs differed significantly in song length, pause length, and in the percentage of their occurrence. The difference in song length between whistle songs and nonwhistle songs can be explained by the fact that whistle songs contain a long series of mostly unmodulated whistles, whereas nonwhistle songs consist of a series of shorter elements (cf. Todt, 1970) . Pauses following whistle songs were significantly longer than pauses following nonwhistle songs. This may arise because after a longer song an individual might need to make a longer pause. Neuromuscular fatigue has been suggested as a factor limiting song length in song birds that sing with eventual variety (Lambrechts & Dhondt, 1988 ; but see Weary & Lemon, 1988; Gaunt et al., 1996) . However, this argument does not apply well to birds like the nightingale that sing with immediate variety. Furthermore, pause length was not influenced by length of the preceding song but by the category of the preceding song. This and the less frequent occurrence of whistle songs compared to nonwhistle songs may be taken to suggest that whistle songs underlie some constraint, but it remains uncertain what kind of constraint this might be. Possibly, one constraint could be that whistle songs are energetically more costly to produce. However, the overall metabolic costs of bird song seem to be low (Oberweger & Goller, 2001; Franz & Goller, 2003; Ward et al., 2003 Ward et al., , 2004 , so that it seems unlikely that a particular song category is energetically more costly to produce than another one, at least not to an extent of evolutionary significance. Another constraint could be that pure tone signals like whistles are more difficult to generate. Pure tones like unmodulated whistles in nightingales are a common and widespread phenomenon in birds (e.g., in white-crowned sparrows, Zonotrichia spp., Lampe & Baker, 1994; European starling, Sturnus vulgaris, Eens, 1997) . However, the mechanism how unmodulated tones such as whistles are produced is still debated (e.g., Nowicki, 1987; Ballintijn & ten Cate, 1998; Gaunt & Nowicki, 1998; Gardner et al., 2001; Beckers et al., 2003; Podos & Nowicki, 2004) . Because nightingales made longer pauses after whistle songs, it could be that the production and control of such pure tone song is more demanding in terms of neuromuscular exhaustion. Alternatively, the longer pauses after whistle songs may not be linked to such possible proximate constraints but function to attract attention (Richards, 1980; Todt & Naguib, 2000) . Longer pauses after whistle songs may then emphasize the signal value of whistle songs as the time to process them by receivers before the next song is sung is expanded. Moreover, as whistle songs can elicit very specific matching responses, i.e., replies with whistle songs, males also may expand the silent intervals after whistle songs in order to be able to listen to such possible replies without being overlapped.
Thus, the functional unit in communication may not be just the song but the song with its succeeding pause. Any possible constraints on producing whistle songs, either proximate or ultimate, cannot be detected by a correlative study as the one presented here. We can only speculate about the mechanism responsible for the high inter-male variation in the proportion of whistle songs. If there are no production constraints, then factors such as experience or the conditions during the early period of song learning should be included in further studies.
Relationships between song parameters
To increase song rate, birds can either shorten the length of single songs or reduce pauses between songs. Here we found that song rate correlated negatively with all measures of pause length (overall pause length, pauses following whistle songs, pauses following nonwhistle songs), but song rate did not correlate with song length. The negative correlation between song rate and pause length indicates that nightingales reduce the pauses between songs to increase song rate, which is the most common pattern in song birds (Catchpole & Slater, 1995) . The percentage of whistle songs was significantly negatively correlated with song rate and significantly positively correlated with pause length. But the percentage of whistle songs did not correlate with song length. It seems not only that pause length depends on the preceding song category, but also that there is a constraint on singing more whistle songs. This again may suggest that whistle songs underlie either some proximate constraint or that whistles songs and their succeeding pause have a specific signal value, as discussed above.
To summarize, the significantly higher coefficient of variation for the percentage of whistle songs compared to the other song traits may be taken as support for the idea that whistle songs are important in communication as they allow to distinguish among males on a finer scale. The negative correlation between song rate and a complexity parameter, i.e., the percentage of whistle songs, demonstrates that further studies should include analyses of relationships between song output and complexity parameters. Such studies may enable a deeper understanding of the constraints acting on song parameters and should allow identifying those traits that are most likely under sexual selection.
